Introduction
Transparent diodes have important device applications in the emerging field of "Invisible Electronics" [1] . Fabricated from both n-and p-types of transparent conducting oxides (TCO), these devices can act as "UV-shields" as well as "electricity generators" by UV absorption. Ever since Kawazoe and co-authors [2] reported the synthesis of transparent p-type semiconducting delafossite copper aluminium oxide (CuAlO 2 ) thin films, various groups around the globe reported the fabrication of p-i-n as well as p-n homojunction and heterojunction transparent diodes with considerably good electro-optical properties for potential applications in "Invisible" or "Transparent Electronics" [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . As far as the fabrication procedures of these transparent diodes are concerned, most of the groups used physical routes such as pulsed laser deposition (PLD) [4, 7, 11, 12] , reactive evaporation, magnetron sputtering, thermal coevaporation, radio frequency (r.f.) magnetron sputtering, reactive sputtering [5, 9, 13, 14] , laser doping [15] etc. Additionally, most of these diode structures consist of het-erojunctions like strontium copper oxide/zinc oxide (ZnO) [4, 7] , copper yttrium oxide/ZnO [9, 10] , CuAlO 2 /ZnO [11] etc. as well as homojunctions such as p-CuInO 2 : Ca/nCuInO 2 : Sn [12] , p-ZnO: P/n-ZnO [15] , p-ZnO: As/n-ZnO [13] etc.
In this communication, we report on the fabrication of a transparent heterojunction diode of the form p-CuAlO 2 /nZnO: Al by using a combination of physical and wetchemical processes and on a study of the electro-optical characteristics of the structure. It may be worthwhile mentioning that according to a literature survey, there is no report on the fabrication of transparent diodes where at least one layer was deposited by the wet-chemical method.
Only one such report exists on CuAlO 2 -ZnO based transparent diodes by Tonooka et al. [11] , where they used a costly pulsed laser deposition (PLD) technique to deposit the layers. We, on the other hand, have used costeffective sol-gel-dip-coating (SGDC) and D. C. sputtering techniques for the deposition of n-and p-layers, respectively. The importance of these two syntheses routes lies in the fact that these are cost-effective procedures, therefore a large-scale production of thin films may be possible for diverse device applications. As the fabrication of transparent junctional devices emerges as an important field of research in optoelectronic technology, this report may become an important addition in the development of "Invisible Electronics".
Diode fabrication
The p-n heterojunction transparent diodes were fabricated on commercial glass substrates (of size 18 mm × 8 mm). Aluminium doped zinc oxide films (ZnO: Al) were used as the n-type layer, which was deposited by a Sol-GelDip-Coating technique. Thereafter, these n-layer coated glasses were used as the substrates for the deposition of p-layer (p-CuAlO 2 film) by the D. C. sputtering technique. Six independent junctions (1 mm × 1 mm) were fabricated on a single substrate using proper masking. ] = 2) were added for better stability of the solution and to avoid gelation or precipitation. The pH of the solution was kept around 7.0. Lastly, the stirred and refluxed solution was aged for half an hour to get the resultant solution. Then the ultrasonically cleaned glass substrates were dipped vertically into the solution and withdrawn slowly to coat them with the required material. The coated substrates were dried at room temperature for 10 minutes and heated at ∼ 423 K for 10 minutes in an open atmosphere for gelation. This process was repeated 2 − 3 times to obtain the desired thickness. Finally, the films were annealed at 573 K for one hour to obtain crystalline ZnO: Al films. Details of the deposition conditions were reported elsewhere [16] .
The n-layer coated glass was used as the substrate in the D. C. sputtering process to deposit the p-CuAlO 2 thin film. Mica masks were used on the n-ZnO: Al coated glass substrates for deposition of p-CuAlO 2 layers at desired positions. Initially, solid-state reactions between stoichiometric ratios of Cu 2 O and Al 2 O 3 powder at 1400 K produced CuAlO 2 powder. This powder was then pressed into a pellet and used as a target for D. C. sputtering. The sputtering unit was evacuated by a standard rotary-diffusion arrangement upto a base pressure of 10 −6 mbar. The pellet was arranged properly by an aluminium holder to act as the upper electrode and the negative terminal of the D. C. power supply unit was connected to it. ZnO: Al coated glass substrates were placed on the lower electrode and connected to the ground of the power supply. The electrode distance was set at 1.8 cm. Ar and O 2 (3:2 vol. ratio) were used as sputtering gases and the sputtering was done at an elevated substrate temperature (∼ 453 K) to achieve high crystallinity in the film. Post-deposition annealing of the film (at 473 K) for 30 min in an O 2 atmosphere (at a pressure of 0.2 mbar) was performed to induce nonstoichiometry in the film for enhancing p-type conductivity. A schematic flow-chart of the diode fabrication is furnished in Fig. 1 and details of the deposition conditions were also reported in our previous literature [17] [18] [19] [20] [21] .
Results and discussions
Structural properties of the individual films were studied by X-ray diffractometer (XRD, BRUKER, D8, ADVANCE) using the Cu K α (1.5406 Å) radiation. Fig. 2 shows the XRD patterns of only CuAlO 2 thin films (pattern-a) and only ZnO (pattern-b) both deposited on glass substrates. All the peaks match with the standard JCPDS files (# 35-1401, for CuAlO 2 ) and (# 36-1451, for ZnO) respectively, as shown by the circles and lines in Fig. 2 . Also, no peaks of any starting materials and any other reactant species have been found, which conclusively indicate that the reactants were completely mixed to form the proper phase of the materials. Optical properties were measured by a UV-Vis-NIR spectrophotometer (SHIMADZU-UV-3101-PC). Fig. 3 shows the optical transmittance spectra of individual n-and players as well as that of the diode structure. Curve-a and curve-b represents the transmission spectra of CuAlO 2 and ZnO: Al thin films respectively, both of which show almost 80% visible transmittance. Curve-c represents the optical spectrum of the diode, showing a moderate 60% visible transparency, which indicates its potential application in "transparent Electronics". Previously, Tonooka et al. [11] obtained an average visible transmittance of their n-ZnO/p-CuAlO 2 diode around 60%, which is comparable to ours. As far as other transparent diodes are concerned, Kudo et al. [5] obtained 70% -80% visible transmittance for p-strontium copper oxide/n-ZnO diodes, Hoffman and co-authors [10] reported 35% to 65% visible transmittance in a p-copper yttrium oxide: Ca/n-ZnO: Al heterojunction diode, Yanagi et al. [12] obtained 60% to 80% transmittance for their p-CuInO 2 : Ca/n-CuInO 2 : Sn homojunction diodes in the visible region. Thicknesses of the films were measured by cross-sectional scanning electron microscopy (SEM). The thicknesses were found to be 600 nm for ZnO: Al film and 500 nm for CuAlO 2 film, making the total device thickness around 1100 nm as shown in the inset of Fig. 3 . Electrical properties of the individual layers have been studied in detail and represented in our previous literature [16] [17] [18] [19] [20] . A comparative study of different electrooptical properties of the individual films is furnished in Table- 1. For proper fabrication of a rectifying junction, a comparable elctro-optical property of the individual pand n-layers is very important. In that respect, the ZnO: Al film is widely used because of its easy controllability of carrier concentration by varying percentage of Al during deposition. This is necessary in order to match the carrier concentrations with those in p-CuAlO 2 , which is more difficult to control. Also, the possibility of lowtemperature deposition of crystalline ZnO films on glass as well as on plastic substrates [22] has made ZnO films one of the most promising components for the fabrication of transparent diodes in the field of "Invisible Electronics".
Current-voltage characteristics of the transparent diodes were measured by using a Keithley-6514 electrometer. For ohmic contacts, evaporated silver electrodes were used with proper masking in both types of layers, which showed linear I-V characteristics over a wide range of voltages and temperatures. Thereafter, electrical connections were made by Cu leads with silver paints. The I-V characteristic of the diode is shown in Fig. 4 , which shows rectifying properties, indicating proper formation of the junction. The turn-on voltage was obtained around 0.8 V with a variation of ±0.05 V from junction to junction. This indicates considerable reproducibility of the junctions. The forward-to-reverse current ratio was > 50 at ± 2 V. Maximum current obtained at 5 V was around 1 µA and a small leakage current as low as 30 nA was observed at a reverse bias of -4 V. Previously, Tonooka et al. [11] reported an average turn-on voltage of their n-ZnO/p-CuAlO 2 diode at ∼ 0.5 V, which is comparable to ours. To draw an approximate equilibrium energy-band diagram of this transparent diode, we determined the bandgap values of individual n-ZnO: Al and p-CuAlO 2 films from the transmittance data according to the following equation [23] :
where A is a constant, E is the band gap of the material, and exponent depends on the type of transition. For indirect allowed transitions, = 2; for direct allowed, = 1/2. To determine the possible transitions, (α ν) 1/ vs. hνg were plotted for different values of . The (α ν) 2 vs. ν and (α ν) 1/2 vs. ν plots are shown in Fig. 5 . For CuAlO 2 layer, both direct and indirect bandgaps were found to exist. Extrapolating the linear portions of the graphs to the hνgxis, we obtained values of 3.81 eV and 2.1 eV, respectively, for the bandgaps. These values are comparable to those reported previously by Kawazoe et al. [2] and Yanagi et al. [24] and also fall within the range theoretically calculated by Robertson et al. (3. 91 eV and 2.1 eV) [25] . For the ZnO layer, only a direct bandgap is found to exist with a value around 3.31 eV. The position of the Fermi level of both p and n type materials were obtained from thermo-electric power (TEP) measurements, and these values are around 200 meV for p-CuAlO 2 and 280 meV for n-ZnO: Al films. Also, activation energy values were obtained from a temperature variation of the conductivity measurements of the individual films. These values were 550 meV and 270 meV for n-and p-layers, respectively, which were presented in our earlier literature [16, 19] and also furnished in Table 1 . Taking into consideration all of these values, the approximate depletion barrier height of the diode comes out to be ∼1.7 eV (as shown in Fig. 6 ), which is almost twice the value of the turn-on voltage (∼0.8 eV). This inconsistency between the turn-on voltage and the barrier height may be attributed to the presence of midgap impurity levels within the material due to the presence of excess oxygen, which decreases the effective bandgap of the material. Previously, Mattheis, Cava and co-authors [26, 27] reported the existence of some midgap impurity bands within a similar kind of delafossite p-CuYO 2+ material due to interstitial oxygen doping. In p-CuAlO 2 thin films, excess oxygen is found to be the cause of the p-type conductivity of the material [28] . And these excess oxygens can be introduced within the material by post-deposition annealing of the film in an oxygen atmosphere. In our previous work, we systematically studied the effect of excess oxygen on the electrical characteristics of p-CuAlO 2 films and reported an increase in the conducvity with an increase in the excess oxygen within the material [17, 19] . Hence it can be argued that in our p-CuAlO 2 thin films, excess oxygen intercalation may give rise to some new and deep states within the bandgap via self-compensation [29] , which reduces the effective bandgap of the material, so also the barrier height, and that is why our transparent heterojunction p-CuAlO 2 /n-ZnO: Al diodes show a low turn-on voltage. 
Conclusions
A transparent heterojunction p-CuAlO 2 /n-ZnO: Al diode has been fabricated successfully by a combination of chemical and physical processes of sol-gel-dip-coating and d. c. sputtering techniques. The diode shows around 60% visible transmittance and the current-voltage characteristics show a rectifying property, indicating proper formation of the junction. The turn-on voltage is obtained around 0.8 V. This low turn-on voltage may be attributed to the presence of midgap impurity levels within the player, the origin of which is supposed to be the excess oxygen intercalation during deposition for enhancing ptype conductivity. A moderate transparency and low turnon voltage of the p-CuAlO 2 /n-ZnO: Al transparent diode indicates its potential application in "Transparent" or "Invisible Electronics".
